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Abstract
Introduction—The effect of endodontic involvement on tooth loss has not been quantified, so
the present study aimed to assess this relationship after controlling for other relevant risk factors
for tooth loss.
Methods—We analyzed data from 791 participants (18,798 teeth) in the Veterans Affairs Dental
Longitudinal Study. Potential tooth- and person-level covariates were fitted into marginal
proportional hazards models, including both apical radiolucencies (AR) and root canal therapy
(RCT) status as time-dependent variables. Survival curves were plotted for teeth according to their
AR and RCT status.
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Results—Both current AR and RCT status were associated with increased risk of tooth loss (p<
0.01), after controlling for baseline levels of periodontal disease, caries, tooth type, number of
proximal contacts, number of teeth, age, education, and smoking history. Root canal filled (RCF)
teeth seemed to have better survival than non-RCF teeth among teeth with AR, but worse survival
than non-RCF teeth among teeth without AR.
Conclusions—Endodontic involvement was associated with tooth loss, controlling for other
potential risk factors. Additional prospective studies are needed to provide better evidence as to
the impact of endodontic involvement on tooth loss.
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Tooth loss results from a combination of factors, including periodontal disease and caries
(1-3), tooth type (1,4-6), number of teeth at baseline (7), age (7-9), education level (9,10),
gender (7,8), income (8,11), race (8), oral hygiene behaviors (6,12), and smoking (3,9,13).
Tooth loss due to periodontal disease also is reported to be associated with diabetes,
hypertension, and rheumatoid arthritis (6). Endodontically treated teeth are at risk for loss
due to additional mechanisms; factors related to loss of root-canal filled (RCF) teeth include
absence of crown (14-17), number of proximal contacts (18,19), incomplete root canal
therapy (RCT) (20), quality of root fillings (1,21), and use of posts (1,14,17).
The role of endodontic involvement (e.g., periapical inflammation, RCT) in tooth loss has
not been examined extensively. In previous studies, RCF teeth were lost significantly more
often than teeth without RCT (1,22,23), and periapical lesions have been found to be related
to a higher risk of tooth loss (1,17). Despite these observational findings, periapical lesions
often are not defined as a specific cause for tooth loss, but rather as a sequel to dental caries.
Some studies have mentioned “failed endodontic treatment” or “pain” as causes of
extraction without explicitly recognizing periapical lesions (24); others used RCT only as an
indicator of pulpal involvement (23), but RCT is not warranted for all endodontically
involved teeth (e.g., teeth with hopeless periodontal status), and RCT sometimes is
performed on non-endodontically involved teeth. Thus, it is advisable to evaluate periapical
inflammation and RCT as two distinct factors when studying the impact of endodontic
involvement on tooth loss.
Gaps in the relevant literature include the following: First, in general, these studies do not
account for correlations among teeth within the same individual in their analytic approaches;
doing so would avoid incorrect inferences in hypothesis testing (25,26). Second,
conventional analytic methods used in tooth loss studies such as logistic or linear regression
cannot accommodate common features existing in survival data such as timing of events,
censoring, and time-dependent covariates (TDC) (27,28). Rather than simply discarding
information on censored teeth, survival analysis uses all the information up to the time the
tooth is censored, and thus is a preferable analytic approach. Third, periapical status often
has not been considered, or has been combined with caries, as related to tooth loss; little has
been done to evaluate its role as a separate factor in tooth loss. Finally, no data are available
to evaluate the effect of RCT on tooth loss after adjusting for periapical conditions on
individual teeth.
The purpose of the present study was to investigate the association of endodontic
involvement with tooth loss, after controlling for other tooth- and person-level risk factors
for tooth loss at baseline (our hypothesis was that both RCT and periapical lesion status
would be associated with tooth loss).
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Data analyzed in this study were from the Veterans Affairs Dental Longitudinal Study
(VADLS), an ongoing, closed-panel longitudinal study of oral health and disease among
1,231 adult males aged 25-85 years at baseline in the 1960’s. The cohort was established
through community-based recruitment of adult men from the greater Boston metropolitan
area. Participants were not patients of the VA system; rather, they received dental and
medical care through the private sectors.
One goal of the VADLS is to identify determinants of oral health in an aging population.
Participants had varying oral conditions at baseline, though all were free of chronic medical
conditions. Since baseline, study participants have been seen once every 3 years for
comprehensive dental and medical examinations. Dental examinations include both clinical
and radiographic components. The clinical component was conducted by a trained and
calibrated VADLS periodontist examiner. Data collected included decayed, missing or filled
coronal tooth surfaces (DMFS) and detailed measures of periodontal status. The
radiographic component includes a full mouth series of intra-oral radiographs (29).
To date, this cohort has been under observation for over 30 years. The average interval
between VADLS exams has been approximately 38 months and there were about 200 men
who had a cycle 11 examination (corresponding to 30 years after baseline) by January 2004
(3). The present study used the electronic VADLS database to identify participants who
were dentate at baseline, all of whom had a complete radiographic record for each of the 32
permanent teeth or tooth spaces at baseline and each subsequent examination cycle. Due to
time considerations, the sample size was restricted to 853 randomly selected participants.
The protocol for this study was reviewed and approved by the Institutional Review Board on
Research Involving Human Subjects at the VA Boston Healthcare System.
Follow-up period
Our analysis includes all teeth present at baseline, regardless of whether or not they were
endodontically involved. For each tooth, follow-up started at the subject’s baseline cycle and
ended when the tooth was lost or the date of most recent examination prior to data
collection, whichever came first.
Data collection
Tooth- and person-level covariates were obtained from the VADLS data set, while variables
describing endodontic status and treatment were made solely from available radiographs of
diagnostic quality. Two second-year endodontic residents from Boston University
independently reviewed subjects’ intra-oral radiographs. Before data collection, a training
and calibration session for the radiographic examiners was conducted to assure adequate
reliability and to evaluate diagnostic criteria for endodontic measurements. Kappa values
describing inter-examiner reliability were excellent for the endodontic variables, ranging
from 0.80-1.00, depending on the variable (30). Diagnostic criteria for radiographic
evaluation of endodontic variables (described below) were adapted from Odesjo et al (31).
Endodontic variables
At each examination cycle, endodontic involvement was assessed according to the following
two variables: 1) “RCT status”, i.e., whether or not the tooth had RCT; and 2) “Apical
Radiolucency (AR) status”, which was categorized into 3 levels based on the size of
periapical rarefaction: no AR (i.e., apical periodontal ligament space < 1 mm thick), 1-3
mm, and ≤ 4 mm. AR was used as a general indicator of periapical inflammation due to the
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established correlation between AR and histologically confirmed inflammatory status of the
periapical tissues (32). For a tooth with RCT at baseline, the tooth would remain “RCT=yes”
throughout the rest of its life; whereas for a tooth without RCT at baseline, the tooth could
become “RCT=yes” at any cycle after baseline. Additionally, because growth and healing of
periapical lesions are dynamic processes, a tooth’s AR status could vary within 3 levels
during the follow-up regardless of its AR value at baseline, e.g., an existing AR could
resolve or worsen, or a new AR could develop. To describe endodontic variables in more
accurate detail, both RCT and AR status were treated as TDCs in the analysis. Their time-
dependent values were incorporated with the partial likelihood methods adopted in survival
analysis (27,33). Additional variables related to each tooth’s RCT included whether or not
RCT was complete (yes/no); extension and density of root fillings (34); type of filling
material; number of posts; and year of RCT. These RCT treatment-related variables were
considered as TDC as well because they only applied to teeth with RCT (33). Other RCT-
related variables (e.g., perforation, broken instruments) were not included in the analysis due
to too few events having occurred.
Covariates
A large number of tooth- and person-level variables were available from the parent VADLS
data set. Baseline tooth-level covariates included whether a tooth had an existing crown
(yes/no), tooth type (anterior/premolar/molar), number of proximal contacts (i.e., either 0, 1,
or 2 adjacent teeth), coronal caries (yes/no), and periodontal status (i.e., alveolar bone loss,
gingival bleeding, mobility, plaque score, and probing pocket depth). Except for crowns,
there were no data to indicate other types of overlay restorations. Baseline person-level
covariates included number of teeth, patient age, income, education, race, smoking history,
diabetes, hypertension, body mass index, and oral hygiene behaviors (i.e., frequency of
brushing, flossing, history of periodontal treatment, and history of cleaning).
Statistical analyses
The tooth was the unit of analysis. Statistical analyses were performed in three stages: (1)
univariate description of data using frequencies and percentages; (2) bivariate associations
between each covariate individually and tooth loss, and tests of survival differences among
subgroups of each covariate using the log-rank test and Cox-type models; and (3)
multivariable marginal proportional hazards models (extended Cox-type regression models
for correlated survival data) to evaluate joint associations of tooth loss with various factors
(25). Time to tooth loss was the dependent variable, with current RCT and AR status as the
explanatory variables of main interest in the full model. We were interested in studying the
association of current endodontic involvement with tooth loss after adjusting for baseline
covariates. Current RCT and AR status are approximated by the status obtained at the
beginning of that cycle. The adjustment is to ensure that the other covariates (i.e., potential
confounders) were balanced at the beginning of the follow-up. For example, the
interpretation for the estimated coefficient for RCT is the log hazard ratio of tooth loss for
comparing the tooth that currently has RCT with the tooth that currently has no RCT,
assuming that current AR status is the same and that the other covariates are balanced at
baseline.
Marginal proportional hazards models with time-dependent endodontic variables (extended
Cox models) were used to assess the effects of the endodontic involvement on time to tooth
loss. All risk factors initially were put into the full model regardless of their p-values in the
bivariate analysis. Starting by eliminating variables with the largest p-values, backward
selection was used to identify significant risk factors, and only those with p-values <0.05
were retained in the final model. No interaction terms were tested. Adjusted hazard ratios
and the corresponding 95% confidence intervals (CI) were computed for each retained
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variable in the model. Once the final model was obtained, the adequacy of the model was
assessed to make sure the correct functional form of the explanatory variables had been used
and the proportional hazards (PH) assumption was met for each variable in the final model.
Plots of log (-log (survival function)) versus time for categorical variables and plots of
Schoenfeld residuals for continuous variables were used to verify the PH assumption,
respectively (28).
After the final model was generated, to illustrate the differences in survival curves for teeth
with different patterns of endodontic involvement, tooth survival curves were plotted based
on a stratified model with current AR and RCT status as the strata and adjusting for the same
set of the baseline covariates as in the final multivariable regression model (28). All
statistical tests were two-tailed and performed with SAS Version 9.1 (SAS Institute Inc,
Cary, NC).
RESULTS
The 853 randomly selected participants accounted for 27,296 teeth or tooth spaces, but the
current analysis included only 18,798 teeth from 791 participants (Figure 1). Follow-up time
ranged from 0.9 to 33.0 years, and of the 18,798 teeth, 2,589 (13.8%, from 541 participants)
were lost during follow-up (Table 1). Basic characteristics of the study population at
baseline are described in Table 2. At baseline, only 293 teeth (1.6%) had received RCT and
137 teeth (0.7%) had AR. The mean age of participants at baseline was 48 years-of-age,
with a range of 28-84 years.
Bivariate analyses revealed that the presence of RCT or AR was associated with a
significantly increased hazard of tooth loss. Moreover, significantly increased hazard ratios
were observed for all subgroups of baseline covariates shown in Table 2 except for:
interproximal plaque with continuation on buccal or lingual surface, brushing ≥ 2 times per
day, any periodontal treatment, African-American participants, body mass index of 25-<30
kg/m2, former smokers, diabetes, and hypertension (p>0.05).
In the final multivariable regression model (Table 3), both RCT and AR status remained as
significant risk factors for time to tooth loss (p<0.05), after controlling for significant
baseline covariates. At any given time, the hazard of loss for a tooth that had current RCT
was 1.39 (95% CI: 1.10, 1.74) times that of a tooth without current RCT, controlling for
other factors in the model; and compared to teeth without current AR, hazard ratios (95%
CI) of tooth loss were 6.95 (5.44, 8.88) for teeth with current AR of ≥ 4 mm and 4.11 (2.80,
6.03) for teeth with current AR of 1-3 mm, respectively, controlling for other factors in the
model. Results from the assessment of PH assumption showed that the PH assumption was
satisfied for all variables that remained in the final model.
In the multivariable analysis, a significantly higher hazard of tooth loss also was observed
among molars, teeth with fewer proximal contacts or with coronal caries at baseline,
participants with fewer teeth at baseline, older age, lower education level, or smoking
history at baseline. Additionally, teeth with more alveolar bone loss, gingival bleeding,
mobility or deeper probing pocket at baseline had significantly higher hazards of tooth loss.
Covariates evaluated but not retained in the final model due to non-significance included
oral hygiene behaviors, RCT treatment-related variables (i.e., whether or not RCT was
complete, extension and density of root fillings, type of filling material, number of posts,
and year of RCT), presence of crown, income, race, diabetes, hypertension, and body mass
index.
Finally, survival curves reflecting tooth loss by different patterns of AR and RCT status over
time are shown in Figures 2 and 3. These plots are based on a stratified model with different
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combinations of current AR and RCT status as the strata and adjusted for the same set of the
baseline covariates as in the above final multivariable regression model. The stratified model
is fitted using all the 18,798 teeth from the 791 participants. Note that the survival
probability depends on the pattern of AR and RCT status over time and therefore, for a tooth
with a particular pattern of AR and RCT status over time, the survival probability can be
calculated based on the estimated regression coefficients from the above fitted stratified
model and the specified pattern of AR and RCT. Specifically, Figure 2A presents the
survival probability for teeth that had no AR. The two curves are for teeth that had no RCT
and had RCT, respectively. For example, the 10-year survival probability for teeth that had
no AR and no RCT during this 10-year period is about 0.97, while the 10-year survival
probability for teeth that had no AR but had RCT is about 0.95. The curves suggest that,
among teeth that had no AR lesions, teeth with RCT seemed to have worse survival than
those without RCT (Figure 2A); whereas among teeth which had AR of 1-3mm or ≥ 4mm,
teeth with RCT seemed to have better survival than those without RCT after about 8 years of
follow-up (Figures 2B and 2C). Figure 3A presents the survival probability for teeth that had
no RCT. The three curves are for teeth that had no AR, had AR of 1-3mm, and had AR ≥
4mm, respectively. For example, the 10-year survival probability for teeth that had no RCT
and no AR during the 10-year period is about 0.97. Similarly, the 10-year survival
probability for teeth that had no RCT but had AR of 1-3mm during the 10-year period is
about 0.84. Figures 3A and 3B suggest that regardless of teeth had RCT or not, those teeth
without AR seemed to have substantially better survival than teeth with AR of 1-3 mm or ≥
4 mm.
DISCUSSION
Our findings confirm that tooth loss is a complex process involving both tooth-level and
person-level covariates (2,8,18) and also lend credence to our hypothesis that, after
controlling for other relevant risk factors, variables indicating current endodontic
involvement would remain significantly and independently associated with tooth loss.
Although RCF teeth have been reported to be lost more readily than non-RCF teeth
(1,22,23), previous studies rarely differentiated the survival of RCF teeth between those with
and without AR, so we analyzed AR and RCT as two distinct variables in the current study
and further evaluated the survival curves of RCF and non-RCF teeth based on their AR
status. Among teeth without AR, those that had RCT seemed to have worse survival than
those that had no RCT, possibly because RCF teeth in general have more structural damage
than non-RCF teeth, which could hasten their loss. Conversely, among teeth with AR, those
that had RCT seemed to have better survival than those that had no RCT, suggesting that
RCT for teeth with inflamed periapical tissues can help prolong their survival (Figure 2)
(15).
Our results agree with previous studies in that teeth with AR had worse survival than teeth
without AR (1,17,35), and it makes intuitive sense that teeth with a compromised periapical
status would have a higher hazard of loss. One new result is that the greater the AR size, the
worse the tooth survival for RCF teeth (35). Additionally, survival curves seemed to be
further apart between teeth with and without AR among teeth that had no RCT than the
corresponding curves among teeth that had RCT (Figure 3), suggesting that AR is not as
strongly associated with tooth loss when RCT is present. Readers should be cautioned that
the survival curves presented here were obtained using an observational study design that
could not evaluate whether RCT would improve tooth survival for teeth with given
characteristics; that question would be better addressed using a randomized controlled trial
design.
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Besides endodontic involvement, our study had some interesting findings of some
immutable baseline covariates (e.g., tooth type, the number of proximal contacts, and the
number of teeth at baseline) that we feel noteworthy of discussing. We present them as
follows. Molars had greater hazard of loss than anterior teeth and premolars, consistent with
previous studies (1,4,5) and specifically studies of RCF teeth (17,19,21). Due to their
complex anatomy and compromised accessibility, molars are more difficult to clean and
develop caries more often than other teeth; and subsequent periodontal and endodontic
problems in molars are more difficult to treat as well. Molars also likely are extracted more
frequently than other teeth due to non-functionality or being in a non-aesthetic area. In
addition, our results confirm previous findings of associations between baseline proximal
contacts (adjacent teeth) and tooth loss in RCF teeth (18,19) and extend these results to non-
RCF teeth. Adjacent teeth help distribute occlusal forces over a wider span, thus reducing
the load borne by any individual tooth (18). The adjusted hazard ratio for number of baseline
proximal contacts in our study is less than that reported before, which might be because
previous studies analyzed the number of proximal contacts at the start of RCT when
assessing the loss of RCF teeth, whereas the present study used the baseline value for that
variable when assessing subsequent tooth loss after baseline. Prior tooth loss has been
reported to predict future tooth loss (7,8,10,18), and our results regarding the number of
teeth remaining at baseline are consistent with this finding. Our results also agree with
previous studies in that older age and lower education level at baseline were associated with
subsequent tooth loss (3,7-9,18). Participants with a lower education level likely place less
value on maintaining their dental hygiene and saving their teeth, or have more financial
limitations than others with higher education.
Any epidemiologic investigation has limitations, and this study was no exception. The
present study was limited by the availability and completeness of existing documentation,
and some potentially important variables related to dental care providers were not collected
because participants in the parent VADLS data set were not VA patients and received dental
care from their private dentists, who were not contacted in conjunction with the study. Only
males were included in the present sample, hence the findings might only be applicable to
men. Evaluation of overlay restorations was limited to the variable “presence of crown”, and
assessment of endodontic variables was based on radiographs only, so no clinical evaluation
of pulpal or periapical health could be conducted.
To our knowledge, this is the first report to concurrently study the association between
endodontic involvement (as evidenced by AR and/or RCT) and tooth loss with 30 years of
data, while adjusting for important risk factors for tooth loss. However, it is important to
recognize that determination of whether RCT can prolong tooth survival can only be
properly assessed by comparison of endodontically involved teeth for which RCT is
indicated. More longitudinal studies would be desirable to further investigate the effect of
RCT on teeth with pulpal involvement.
In summary: Regarding potential factors related to tooth loss, indicators of endodontic
involvement have not received as much attention as have indicators of periodontal disease
and caries. The present longitudinal study found that endodontic involvement (as assessed
by current AR and RCT status in a time-dependent fashion) was significantly associated
with tooth loss, and this association was independent of the baseline effects of other
potential risk factors available in the dataset. If endodontic involvement ultimately is shown
consistently to be associated with subsequent tooth loss, especially in longitudinal studies
that ascertain main exposure variables and potential confounders as precisely as possible,
that would present stronger evidence that endodontically involved teeth are more likely to be
lost sooner than teeth without endodontic involvement. Additional prospective studies are
needed to provide better evidence as to the impact of endodontic involvement on tooth loss.
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Description of Study Sample
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Survival curves by RCT status, plotted by AR status and at the mean values of the other
baseline covariates.
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Survival curves by AR status, plotted by RCT status and at the mean values of the other
baseline covariates.
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Table 2
Univariate Distribution of Baseline Study Variables (N = 18,798 teeth)
Variable Level Frequency Percent (%)
Outcome
Tooth loss Yes 2589 13.8
No 16,209 86.2
Endodontic involvement
RCT status Yes 293 1.6
No 18,505 98.4
AR status ≥ 4 mm 73 0.4
1 – 3 mm 64 0.3
No 18,661 99.3
Tooth-level covariates
Crown Yes 759 4.0
No 18,039 96.0
Tooth Type Molar 5,070 27.0
Premolar 5,053 26.9
Anterior 8,675 46.2
No. of proximal contacts 0 939 5.0
1 4,798 25.5
2 13,061 69.5






≥ 20% 2,203 11.7






Mobility Yes 1,994 10.6
No 16,610 88.4
Plaque score
All surfaces with 2/3 of tooth 2,350 12.5
Interproximal with continuation
 on buccal or lingual surface 8,008 42.6




> 3mm 3,008 16.0
≤ 3mm 15,596 83.0
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≥ 2 times per day 8,049 42.8
< 2 times per day 10,701 56.9






Any cleaning Yes 15,891 84.5
No 2,882 15.3
No. of teeth at baseline ≤ 17 890 4.7
18-25 7,423 39.5
26-32 10,485 55.8
Age at baseline (years old) ≥ 65 537 2.9
55 -< 65 3,170 16.9
< 55 15,091 80.3
Income* > $25,000 6,716 35.7
≤ $25,000 11,738 62.4
Education High school or less 5,577 29.7
Some college 6,961 37.0
College graduate 6,260 33.3
Race African-American 441 2.4
White 18,357 97.7
Body mass index* ≥ 30 kg/m2 1,692 9.0
25 -< 30 kg/m2 10,137 53.9
< 25 kg/m2 6,941 36.9
Smoking history Current smoker 7,822 41.6
Former smoker 5,945 31.6
Never smoker 5,031 26.8
Diabetes Yes 562 3.0
No 18,236 97.0
Hypertension Yes 2,779 14.8
No 16,019 85.2
*
N does not add up to 18,798 because of missing values.













Zhong et al. Page 16
Table 3
Multivariable Marginal Proportional Hazards Model of Tooth Loss (N = 18,798 Teeth)
Independent variable Level P-value Hazard ratio
(95% CI) †
Endodontic involvement (Time-dependent, tooth-level variables)
RCT status Yes 0.005 1.39 (1.10, 1.74)
No*
AR status ≥ 4 mm <0.0001 6.95 (5.44, 8.88)
1- 3 mm <0.0001 4.11 (2.80, 6.03)
No*
Tooth-level covariates
Tooth type Molar <0.0001 1.65 (1.35, 2.01)
Premolar 0.109 1.15 (0.97, 1.36)
Anterior*
No. of proximal contacts
at baseline
0 0.029 1.26 (1.02, 1.55)
1 0.026 1.18 (1.02, 1.35)
2*
Person-level covariates
No. of teeth at baseline Continuous <0.0001 0.94 (0.92, 0.96)
Age at baseline (years old) Continuous 0.017 1.02 (1.00, 1.03)
Education at baseline High school or less <0.0001 1.75 (1.35, 2.27)





Adjusted for baseline values of coronal caries, alveolar bone loss, gingival bleeding, tooth mobility, plaque score, probing pocket depth and
smoking history.
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